Running title: Lipoxygenase with fatty acid hydroperoxide cleaving activity Key words: α,β,γ,δ-unsaturated aldehydes / alkenol formation / keto dienoic fatty acid / oxylipins / plant defense reaction A complex mixture of fatty acid derived aldehydes, ketones, and alcohols is released upon wounding of the moss Physcomitrella patens. To investigate the formation of these oxylipins at the molecular level we isolated a lipoxygenase from P. patens, which was identified in an EST-library by sequence homology to lipoxygenases from plants. Sequence analysis of the cDNA showed that it exhibits a domain structure similar to that of type2-lipoxygenases from plants, harboring an N-terminal import signal for chloroplasts. The recombinant protein was identified as arachidonate 12-lipoxygenase and linoleate 13-lipoxygenase with a preference for arachidonic acid and eicosapentaenoic acid. In contrast to any other lipoxygenase cloned so far, this enzyme exhibited in addition an unusual high hydroperoxidase and also a fatty acid chain cleaving lyase activity. Due to these unique features the pronounced formation of (2Z)-octen-1-ol, 1-octen-3-ol, the dienal (5Z,8Z,10E)-12-oxo-dodecatrienoic acid and 12-keto eicosatetraenoic acid was observed when arachidonic acid was administered as substrate. 12-Hydroperoxy eicosatetraenoic acid was found to be only a minor product. Moreover, the P. patens LOX has a relaxed substrate tolerance accepting C18-C22 fatty acids giving rise to even more LOXderived products. In contrast to other lipoxygenases a highly diverse product spectrum is formed by a single enzyme accounting for most of the observed oxylipins produced by the moss. This single enzyme might, in a fast and effective way be involved in the formation of signal and/or defense molecules thus contributing to the broad resistance of mosses against pathogens.
A complex mixture of fatty acid derived aldehydes, ketones, and alcohols is released upon wounding of the moss Physcomitrella patens. To investigate the formation of these oxylipins at the molecular level we isolated a lipoxygenase from P. patens, which was identified in an EST-library by sequence homology to lipoxygenases from plants. Sequence analysis of the cDNA showed that it exhibits a domain structure similar to that of type2-lipoxygenases from plants, harboring an N-terminal import signal for chloroplasts. The recombinant protein was identified as arachidonate 12-lipoxygenase and linoleate 13-lipoxygenase with a preference for arachidonic acid and eicosapentaenoic acid. In contrast to any other lipoxygenase cloned so far, this enzyme exhibited in addition an unusual high hydroperoxidase and also a fatty acid chain cleaving lyase activity. Due to these unique features the pronounced formation of (2Z)-octen-1-ol, 1-octen-3-ol, the dienal (5Z,8Z,10E)-12-oxo-dodecatrienoic acid and 12-keto eicosatetraenoic acid was observed when arachidonic acid was administered as substrate.
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Hydroperoxy eicosatetraenoic acid was found to be only a minor product. Moreover, the P. patens LOX has a relaxed substrate tolerance accepting C18-C22 fatty acids giving rise to even more LOXderived products. In contrast to other lipoxygenases a highly diverse product spectrum is formed by a single enzyme accounting for most of the observed oxylipins produced by the moss. This single enzyme might, in a fast and effective way be involved in the formation of signal and/or defense molecules thus contributing to the broad resistance of mosses against pathogens.
Lipoxygenase (LOX) pathways are involved in the production of important hormones and defensive metabolites in plants, algae and animals (1) (2) (3) . Metabolites originating from these pathways are collectively named oxylipins. In general LOX constitute a large gene family of non-heme iron-containing dioxygenases, which are ubiquitous in higher plants and animals (3) . This group of enzymes catalyzes the regioand stereospecific insertion of dioxygen into polyunsaturated fatty acids that harbor a 2 (1Z,4Z)-pentadiene system resulting in a (2E,4Z)-hydroperoxy diene structural element (1) . These hydroperoxides may be subsequently cleaved to shorter chain length oxygenated products by LOX themselves or by hydroperoxide lyases (HPL) (4, 5) . The cleavage products include volatile unsaturated aldehydes and alcohols and the corresponding unsaturated oxo fatty acids (1, 5) . Due to their central importance in signal and defense processes, the biosynthesis of oxylipins is well investigated in higher plants and animals as well as in algae. Interestingly, different principles of transformations have been found in these genera. While higher plants use exclusively polyunsaturated C18-fatty acids for the production of oxylipins, animals and algae rely predominantly on the transformation of polyunsaturated C20-fatty acids (3, 6) , which are not ubiquitously found in the plant kingdom (7) . Moreover, the formation of volatile short chain aldehydes relies on the combined action of LOX and HPL species in higher plants, whereas animals and algae seem to be more flexible, since they either may use the LOX / HPL system or specific LOX forms alone (6, 8, 9) . Numerous cDNAs corresponding to LOX have been isolated and characterized from higher plants and animals, but molecular data and mechanistic insight into LOX from other organisms are still scarce (10) (11) (12) . It is known that mosses release volatile C8-and C9-alcohols and aldehydes with hitherto unknown biosynthesis and function (13) . Mosses are of special interest with respect to their LOX-derived chemistry since they diverged more than 400 million years ago from flowering plants and it is discussed to which extent their metabolism has evolved independently (14) . Recently, we described an investigation of LOX-derived products in the moss Physcomitrella patens, which is a widely used model organism in this context (15). We found that this moss releases the volatile oxylipins 1-octen-3-ol, 2-octen-1-ol, and (2E)-nonen-2-al upon tissue disruption (16) . 1-Octen-3-ol, is a well known aroma compound from mushrooms and the C-9 aldehyde accounts with cucumber like odor to the volatile blend of certain plants. It is generally assumed that these metabolites derive from the LOX / HPL-mediated transformation of C18-polyunsaturated fatty acids. In mushrooms, linoleic acid serves as precursor for the biosynthesis of 1-octen-3-ol while α-linolenic acid provides for the higher unsaturated alcohols (2,5)-octadien-1-ol and (1,5)-octadien-3-ol (17). In these cases the 10-hydroperoxy-fatty acids are intermediates and 10-oxo-decenoic acid results as second fragment (18) (19) (20) . Higher plants exploit a 9-LOX / HPL mechanism for the formation of 3Z-nonenal, which is subsequently transformed to the 2E-isomer (5). However, it should be stressed that the efficiency of HPL is low and represents the rate limiting step in this process (5) . Data on the involvement of conjugated unsaturated aldehydes in plant defense are scarce and they are still discussed controversially. Some protein preparations containing LOX activity from mammals and plants have been described that not only introduce dioxygen into the fatty acid, but moreover exhibit hydroperoxide cleaving activity releasing unsaturated aldehydes. A HPL-like activity has been attributed to a LOX purified from mammalian leucocytes, which results in the formation of (5Z,8Z,10E)-12-oxo-dodeca-5,8,10-trienoic acid, but this activity has not been assigned to a single enzyme so far at the molecular level (8) . Interestingly, we found that the moss does not follow any of the known pathways for the generation of the volatile oxylipins, but rather exploits C20-polyunsaturated fatty acids as precursors for C8-and C9-alkenals and alkenols. As second fragments (5Z,8Z,10E)-12-oxo-dodeca-5,8,10-trienoic acid and (5Z,8Z)-11-oxo-undeca-5,8-dienoic acid are generated (16) . Thus, the moss produces mixtures of typical plant, animal and mushroom metabolites by hitherto unknown pathways from arachidonic acid, but meets metabolic themes from algae as well.
The unusual biosynthesis of P. patens oxylipins prompted us to question the metabolic pathways behind the generation of the metabolites. Judging form the product spectrum, LOX / HPL-pathways as well as the 3 action of a LOX alone, had to be taken into account.
In this study we report the identification, cloning, heterologous expression and functional characterization of the first LOX from mosses. Phylogenetic analysis showed that it groups with plant LOX while the enzymatic activity and substrate preference resembles more that of animal LOX. Most interestingly, this LOX from P. patens exhibits an unusual high hydroperoxidase and fatty acid lyase activity accounting for several of the moss oxylipins and might thus be regarded as the first of a series of related key enzymes involved in the production of reactive aldehydes and alcohols in mosses.
Materials and Methods
Materials -The chemicals used were from the following sources: fatty acids and standards of chiral and racemic hydroxy fatty acids as well as keto fatty acids were from Cayman Chemical (Ann Arbor, MI), eicosapentaenoic acid and docosahexaenoic acid were from Sigma (Deisenhofen, Germany), 2-octen-1-ol was obtained from Lancaster (Lancashire, England), methanol, hexane, 2-propanol (all HPLC grade) were from Baker; and restriction enzymes were purchased from New England Biolabs (Beverly, MA).
Isolation of PpLOX1
-An EST-library from P. patens was provided by BASF Plant Science (21) and a partial EST-clone with a putative LOX-sequence was identified based on sequence homology to higher plant LOX. To obtain the 5'-terminus of the cDNA, a 5'-end RACE was performed using the gene-specific 3'-primer A (GAG CCC CTG TCT TCT CGG TAT TG) and the vector-specific 5'-primer T3. The PCR reaction was carried out with the Tfl polymerase (Biozym, Hessisch Oldendorf, Germany) under standard conditions. The obtained RACE-fragment was sequenced. To clone the complete open reading frame the RACE-fragment was amplified from the cDNA-library using the gene-specific 5'-primer B (GGT ACC ATG ATG CTC AAC CGG TTG AC, KpnI-site underlined) containing the Start-ATG and the gene-specific 3'-primer C (AAA TTC CGG AGC AAA CTC GT). The 3'-terminus of the cDNA was amplified from the EST-clone using the vector-specific 3'-primer M13 reverse and 5'-primer D (CCC AAG CTT CTA TAT GGT GAT GCT GTT GGG CAC, HindIII-site underlined). The obtained fragments were each cloned into pGEM-T (Promega, Mannheim, Germany). For expression in E. coli, the complete open reading frame was assembled in pQE30 (Qiagen, Hilden, Germany) from both fragments using a common Sal I-site. The 3'-terminus was cloned first into pQE30 as a SalI/HindIII-fragment and joined with the 5'-terminus by cloning the latter as a KpnI/SalI fragment into this construct to yield pQEPpLOX1 (the nucleotide sequence has been submitted to the GenBank TM with accession number AJ583499), and the plasmid was transformed in E. coli strain SG13009. Control experiments were performed with the same strain transformed with pQE30 alone.
Sequence analysis -Phylogenetic tree analysis was performed on amino acid sequences of selected LOX and PpLOX1 using phylip 3.5 according to (1) . Prediction of the cleavage site of the chloroplastidic transit peptide was performed with ChloroP.
Protein Expression and LOX Activity AssayExpression of pQE-PpLOX1 was performed as described for plant LOX (22) . For product analysis 0.8 ml cell lysate was incubated with the respective fatty acid in 1.2 ml 100 mM Tris buffer, pH 8.1 for 30 min at room temperature. Reactions were stopped by adding 9 mM SnCl 2 or 10% DMS in methanol (by vol.) and incubation for 10 min to reduce hydroperoxy fatty acids to the corresponding hydroxides. The samples were acidified to pH 3, and the lipids were extracted according to (23) . The obtained lipids were dissolved in 0.1 ml methanol, and aliquots were submitted to HPLC analysis.
Analysis of hydroperoxy fatty acids -HPLC analysis was carried out after reduction with SnCl 2 on an Agilent (Waldbronn, Germany) 1100 HPLC system equipped with a diode array detector. Oxygenated fatty acids were 4 separated from unconverted fatty acids by RP-HPLC using a Nucleosil C18 column (250 X 4 mm, 5-µm particle size; Macherey-Nagel, Düren, Germany) with a solvent system of methanol/water/acetic acid (85/15/0.1, by vol.) at a flow rate of 1 ml min -1 . Absorption at 234 nm (conjugated diene system of the hydroxy fatty acids) and 210 nm (polyenoic fatty acids) were recorded simultaneously. Straight-phase HPLC was used to separate the hydroxy fatty acid isomers and carried out on a Zorbax RX-SIL column (150 X 2.1 mm, 5-µm particle size; Agilent) with a solvent system of nhexane/2-propanol/acetic acid (100/1/0.1, by vol.) at a flow rate of 0.2 ml min -1 . The enantiomeric composition of the hydroxy fatty acids was analyzed by chiral-phase HPLC on a Chiralcel OD-H column (150 x 2.1 mm, 5 µm particle size; Daicel Chemical Industries, Illkirch, France) with a solvent system of nhexane/2-propanol/acetic acid (100/2/0.1, by vol.) at a flow rate of 0.1 ml min -1 . Hydroxy fatty acids for which standards are not commercially available were verified by gas chromatography/mass spectrometry. Accordingly, the hydroxy fatty acids were methylated in methanol with carbodiimide solution (24) . After extraction of the hydroxy fatty acid methyl esters with hexane, the samples were evaporated to dryness, dissolved in 3 µl acetonitrile, and trimethylsilylated with 1 µl N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) according to the manufacturers instructions (Pierce, Rockford, USA). The analysis was carried out using an Agilent 5973 Network mass selective detector connected to an Agilent 6890 gas chromatograph equipped with a capillary DB-23 column (30 m x 0.25 mm; 0.25 µm coating thickness; J&W Scientific, Agilent). Helium was used as a carrier gas (1 ml min -1 ). The temperature was ramped from 60 to 110°C at 25°C min -1 (held for 1 min), then 110 to 270°C at 10°C min -1 (held for 10 min).
Analysis of lyase products and keto-acidsProduct analysis of oxo-and keto-acids was performed by reversed phase HPLC/MS (Hewlett-Packard Series II 1100 system equipped with a diode array UV detector coupled to a Thermo Finnigan LCQ (San Jose, CA) electrospray ionization (ESI) ion trap mass spectrometer). A nucleosil C18 column (ODS-3, 125 mm x 2 mm MachereyNagel) was used for HPLC separation of the LOX/HPL-products with a binary gradient system of water/acetic acid (100/0.5, by vol.) and acetonitrile/acetic acid (100/0.5, by vol.) at a flow rate of 0.2 ml min -1 . Absorption at 237 nm (conjugated diene system of the hydroperoxy fatty acids) and at 279 nm (conjugated ketodienoic acids and α,β,γ,δ-unsaturated ω-oxo acids) were recorded simultaneously. Volatile products for GC/MS analysis were extracted either from 1 ml lysate prepared as described above by solid phase microextraction (SPME) or with 0.5 ml CHCl 3 . For SPME a polydimethylsiloxane-coated fiber (Supelco, Bellefonte, CA) was used as described (25) . Solvent extracts were dried over Na 2 SO 4 , concentrated, treated with 10 µl MSTFA, and incubated at 50°C for 30 min. Analysis was performed on a Thermo Finnigan Trace GC/MS equipped with an Alltech (Deerfield, IL) EC5-MS column (15 m x 0.25 mm; 0.25 µm coating thickness). The temperature was ramped from 60°C (2 min) to 100°C at 5°C min -1 and then to 300°C at 25° C min -1 (held for 2 min). For high resolution GC/MS, a three sector double focusing spectrometer MassSpec2 and a GC-TOF (Micromass, Manchester, England) were used.
Time course -The enzyme assay was performed in 5 ml glass vials and started by addition of 0.5 mM arachidonic acid ( 
Results

Cloning and Expression of a LOX from
Physcomitrella patens -In order to gain insight into the nature of enzymes involved in unsaturated aldehyde and alcohol production in mosses, a sequenced EST-library from P. patens (21) was analyzed. Database searches and alignments of the EST-clones revealed a cDNA of 1336 bp with significant similarity to plant LOX. The corresponding amino acid sequence of this cDNA exhibited highest identity to LOX1 from Pisum sativum (acc. no. X07807, 44%). To isolate the fulllength cDNA clone, RACE with specific primers was used for amplification of the missing 5´-end. The obtained RACE-fragment was fused to the 3´-terminus of the cDNA.
The obtained complete open reading frame was named PpLOX1 (acc. no. AJ583499) and had a length of 2814 bp encoding a protein of 937 amino acids with a molecular weight of 105 kDa. The entire sequence showed highest identities to AtLOX3 from Arabidopsis thaliana (acc. no. CAB56692, 43%) and POTLX-2 from Solanum tuberosum (acc. no. AAB67860, 43%). The protein sequence alignment with these two plant LOX is presented in Fig. 1 . A low sequence similarity was found within the first 90 amino acids that are enriched in serine and threonine in case of PpLOX1 and AtLOX3 representing the putative transit-peptide region for chloroplast import, which is typical for type2-LOX (1) . Additional sequence analysis shows that the central histidine-rich region around His597 and His602 and the distal histidine (His789), described for all plant LOX cDNAs sequenced so far, are conserved in the PpLOX1 amino acid sequence as well. As described for other enzymes from higher plants, an asparagine (Asn793), an isoleucine (Ile937) as well as the three histidine residues are involved in iron-ligand binding (27) . Further sequence based analysis of the secondary structure revealed the typical organisation of LOX with the catalytic domain at the C-terminus and an N-terminal C2 domain ( Fig. 2A) . The C2 domain of PpLOX1 as well as of plant LOX is longer than the corresponding C2 domain of mammalian LOX.
A phylogenetic tree analysis of PpLOX1 and LOX from plants, mammals, algae and corals showed that PpLOX1 grouped together with the type2-13-LOX from A. thaliana. The next closely related enzymes are type1-9-LOX from plants while mammalian LOX that exhibit the same substrateand regiospecificity as PpLOX1 (see below) are clearly separated (Fig. 2B ).
Lipoxygenase activity -For further characterization PpLOX1 was expressed in E. coli. Functional analysis revealed that the enzyme had a broad substrate tolerance and metabolized administered free fatty acids with chain lengths ranging from 18 to 22 carbons. In control experiments with E. coli containing only the vector pQE30, no significant LOXactivity was observed. The pH optimum of the PpLOX1 determined by summing up the integrals of all isomeric hydroperoxy fatty acids formed out of linoleic acid was between 8.0 and 8.2. This was also the pH range in which the highest regiospecificity was observed (83% 13-HPODE at pH 8.2; 65% 13-HPODE at pH 5.6).
13-HPODE, 13-α-HPOTE, 10-γ-HPOTE, 12-HPETE, 12-HPEPE and 14-HPDHE were the preferred products after addition of linoleic acid, α-linolenic acid, γ-linolenic acid, arachidonic acid, eicosapentaenoic acid, and -to challenge substrate tolerancedocosahexaenoic acid, respectively ( Table 1) . The S-enantiomers dominated in all of these major products. The C20-fatty acids arachidonic acid and eicosapentaenoic acid were the preferred substrates for PpLOX1. Compared to these C20-fatty acids C22-homologues were transformed with 68% efficiency and the efficiency for C18-fatty acids was between 48% for γ-linolenic acid 6 and 29% for α-linolenic acid, respectively. Transformation of eicosapentaenoic acid and arachidonic acid resulted in hydroperoxy fatty acid formation with highest regio-and stereoselectivity (Tab. 1). Taken together these properties specify PpLOX1 as arachidonate 12S-LOX. In the case of γ-linolenic acid, arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid dioxygen was introduced preferably in position ω-9. Linoleic acid and γ-linolenic acid, where this position is not able to be attacked by a LOX, were preferentially oxidized in position ω-6. PpLOX1 thus exhibits linoleate 13S-LOX activity as well. Generally, dioxygen introduction was favoured at the [+2] position from a doubly allylic methylene with respect to the hydrogen abstraction site. Fatty acid methyl esters or fatty acids in glycerolipids were no substrates of PpLOX1.
Hydroperoxidase and lyase activity -In the presence of elevated substrate concentrations (≥ 0.4 mM), PpLOX1 exhibited pronounced hydroperoxidase and lyase activity. Shortly after the addition of arachidonic acid, 12-HPETE (Fig. 3, peak 1) dominates, but a rapid onset of the production of additional metabolites with UV maxima at 279 nm was observed (Fig. 3) . The pseudomolecular ions (ESI) of these products ( , respectively. None of these metabolites were observed when arachidonic acid or (12S)-HPETE are administered to lysate from E. coli transformed with the empty vector pQE30 not containing the LOX cDNA. In order to confirm arachidonic acid as a precursor of these newly formed metabolites, labeled [ 2 H 8 ]-arachidonic acid was administered, resulting in mass shifts of ∆+8 (Fig. 3, peak 1) , ∆+8 (Fig. 3, peak 2) and ∆+6 (Fig. 3, peak 3 ), (Tab. 2). Treatment with NaBH 4 shifts the λ max of (Fig. 3, peak 2 ) and (Fig. 3, peak 3 ) from 279 nm to 237 nm. The spectroscopic data suggested a keto fatty acid for (Fig. 3, peak 2 (Fig. 3, peak 2 ), 12-ODTE (Fig. 3, peak 3 ) and the C8 alcohols within the first two minutes after substrate addition (Fig. 4) . Arachidonic acid content decreased rapidly and was detected only until four minutes after the onset of the reaction. The enantiomeric excess of 12-HPETE remained above 98 % (S) during the observed time course from 20 sec to 8 min of the reaction indicating that Senantiomers are substrates for the hydroperoxidase activity.
Transformation of eicosapentaenoic acid, docosahexaenoic acid and γ-linolenic acid leads to the formation of the ω-oxo-acids 12-ODTE, (4Z,7Z,10Z,12E)-14-oxotetradecatetraeonic (14-ODTE) and (6Z,8E)-10-oxo-decadieonic acid (10-ODDE), respectively (Tab. 2, Tab. 3). 14-ODTE and 
Discussion
Based on sequence similarities to higher plants, we were able to identify a LOX from an EST-library of the moss P. patens. We cloned and overexpressed this LOX, which allowed a functional characterization. The present study is to our knowledge the first to describe a LOX / lyase / hydroperoxidaseactivity within a single cloned enzyme. Our results support the findings obtained with crude preparations or partially purified LOX that these enzymes have a multiple potential to transform hydroperoxide fatty acids (8, 28, 29) . The PpLOX has a relaxed substrate tolerance and exhibits a remarkable diverse product spectrum. Keto acids, hydroperoxides and their cleavage products could be detected from this single enzyme. This lipoxygenase can thus account for the observed fatty acid hydroperoxides and at least three different lyase products detected previously in the moss. High flexibility and diverse product production of one single enzyme have been previously described for terpene synthases, enzymes from phenylpropanoid metabolism and from polyketide biosynthesis (30) but this report is the first to prove a diverse product spectrum of a single LOX.
Sequence analysis identified PpLOX, which shows high homologies to an A. thaliana linoleate 13-LOX (Fig. 1) as a member of the plant type2-13-LOX-subfamily (Fig. 2B) . Although PpLOX1 shows highest homologies to plant type2-LOX, it exhibits a substrate-and regiospecificity, which is more typical for animal and algal enzymes. While plant type2-LOX transform polyunsaturated C18-fatty acids to the corresponding 13-hydroperoxides and arachidonic acid to the corresponding 15-hydroperoxides (31), PpLOX1 converts C20-fatty acids as preferred substrates to the 12-hydroperoxides. This unusual activity might reflect the different phylogenetic history of mosses, algae and higher plants. Plant type2-LOX are commonly targeted to chloroplasts. The PpLOX1-sequence harbors this plastidial targeting signal as well, implying that the enzyme is located in plastids ( Fig. 2A) .
Detailed biochemical analysis revealed that the PpLOX1 has a high substrate tolerance and can metabolize fatty acids with chain lengths from 18 to 22 carbons, which results in hydroperoxy fatty acids with different positional isomers (Tab. 1). The regiospecificity for the introduction of dioxygen by many LOX is determined by the distance from the terminus of the fatty acids (31) . In the case of PpLOX1, the ω-9 position was attacked preferentially. Transformation of C20-and C22-fatty acids occurred with high regiochemistry at the ω-9-position, γ-linolenic acid was transformed with significantly lower specificity (Tab. 1). 10-γHOTE was found in only 76 % besides 13-, 9-and 6-γHOTE. Only with α-linolenic acid and linoleic acid, where the ω-9 position cannot be attacked, ω-6 hydroperoxides are the major products. While PpLOX1 is generally specific for the production of S-hydroperoxides the transformation products 9 and 6-γHOTE were predominantly R-enantiomers. This can be explained with a model where γ-linolenic acid is not completely fixed in the enzymatic pocket but a rather flexible attack at different positions of the pentadiene system can occur.
From kinetic data and the regio-and stereospecificity of product formation, it can be concluded that the C20-fatty acids arachidonic acid and eicosapentaenoic acid 8 are the preferred substrates for PpLOX1. This substrate preference is in accordance with previous findings on crude tissue preparations of this moss, where arachidonic acid was identified as precursor of structurally diverse unsaturated aldehydes and alcohols (16) . In contrast to higher plants, mosses contain large amounts of polyunsaturated C20-fatty acids, which might have led to this observed preference. As in the transformations with PpLOX1, the tissue extracts discriminated for free fatty acids, while methyl esters were not accepted as substrates for aldehydes and alcohol formation (16) . Using derivatisation and GC/MS we identified predominantly the 3Z isomer of octen-1-ol, whereas 3E-octen-1-ol was reported from the moss. Careful reinvestigation showed that the moss also releases elevated amounts of the 3Z isomer, which was poorly resolved in previous analyses (16) .
Remarkably, the PpLOX1 is a multifunctional enzyme. Besides hydroperoxide formation PpLOX1 exhibited pronounced lyase activity, releasing ω-oxo acids and unsaturated short chain alcohols. In addition, the corresponding keto-acids were formed. That these fragments are of fatty acid origin could be demonstrated after addition of stable isotope labeled precursors that gave rise to labeled products. The lyase activity of PpLOX1 was detected in all cases where intermediate hydroperoxy fatty acids with the S-hydroperoxide function at position ω-9 were formed (Tab. 3). The PpLOX1 has an unusual variable aptitude to generate ω-oxo acids with chain length of 10 to 14 carbons. In the case of other positional isomers of hydroperoxy fatty acids no significant lyase activity, but hydroperoxidase activity was detected (Tab. 2). Most remarkably the lyase activity differs to that of a Vicia sativa LOX where linoleic acid transformation to 2,4-decadienal occurs not via the hydroperoxides, but, moreover, with a peroxyl radical as intermediate (29) . It also differs from the 1-octen-3-ol forming activity in mushrooms, which is based on two separate enzymes with LOX and HPL activity, respectively (19) .
When arachidonic acid was added as a substrate, the intermediate 12-HPETE was transformed nearly quantitatively within the first minute after substrate addition to yield 12-KETE, 12-ODTE, (2Z)-octen-1-ol and 1-octen-3-ol (Fig. 3, Fig. 4 ). This kinetic behavior followed similar patterns as observed after wounding of the moss itself (16) . This suggests that only one single enzyme is required for the formation of several oxylipins found in wounded P. patens tissue. A comparable fast formation of α,β,γ,δ-unsaturated aldehydes has also been observed in previous investigations of the fatty acid metabolism of wounded diatoms where these metabolites act as chemical defense molecules (32). After tissue disruption a rapid onset of aldehyde production occurs in wounded diatoms and stationary levels of these metabolites are present within the first minutes after cell disruption (25) . Interestingly, the fresh-water diatom Asterionella formosa is also able to transform arachidonic acid to 12-ODTE upon wounding, but as second cleavage product (1,3E)-octadiene is released (2). Our findings now explain how PpLOX1 generates 12-ODTE from the same substrate. Different C8-fragments are released by the moss, demonstrating that mosses and diatoms have evolved alternative pathways for the formation of 12-ODTE.
Only a few studies of LOX from mosses have been reported (4) and most focus on the transformation of externally applied substrates to crude preparations. It is known that other mosses also release volatile C8 and C9-alcohols and aldehydes, suggesting that the mechanism of eicosanoid transformation described here might be universally distributed in this phylum (13) . Besides the C8-alcohols identified here, P. patens also releases 2E-nonenal and 11-oxoundeca-5,9-dienoic acid from arachidonic acid upon tissue disruption (16) . This indicates that an additional not yet identified lyase pathway is active in the moss.
More detailed investigations of the formation of unsaturated aldehydes from fatty acid hydroperoxides have been carried out on plant or animal LOX. Few LOX with lyase activity have been described that release α,β,γ,δ-unsaturated aldehydes and a second 9 alcohol fragment from fatty acids like it was observed with the PpLOX1 (28,29). Glasgow and co-workers investigated a preparation of porcine leukocytes that converts arachidonic acid to a mixture of products derived via 5-, 12-and 15-LOX reactions and also identified 12-ODTE as a proposed cleavage product of 12-HPETE (8) . All studies on LOX / lyases to date have been carried out with crude preparations or partially purified enzymes. Koljak et al. (11) identified a fused peroxidase / lipoxygenase from the coral Plexaura homomalla likely providing for prostanoids. In contrast to the domain structure of this enzyme, the sequence analysis of the PpLOX1 gives us no indication for a peroxidase active site. Thus the lyase activity observed is most likely not due to a fused domain structure of a LOX and a lyase but rather to a bi-functional LOX activity.
Like most α,β,γ,δ-unsaturated aldehydes, 12-ODTE exhibits antiproliferative activity against fast growing and dividing cells (33, 34) . The 12-ODTE producing PpLOX1 might accordingly be regarded as enzyme involved in an activated chemical defense of P. patens although pathogens or herbivores that might be targeted by this chemical are not identified as of yet. The assumption that PpLOX1 is involved in the chemical defense is strongly supported by the above mentioned similarities of the defensive reactions in diatoms and mosses. Earlier it was proposed that a LOX and HPL activity is involved in the formation of defensive principles with an α,β,γ,δ-unsaturated aldehyde structure and also for the octenols (2, 18, 19, 35) . In the present study we show that the cloned PpLOX1 exhibits both activities required for the production of oxo-acids and alcohols from polyunsaturated fatty acids. According to our finding this single LOX can account for high product diversity. The newly arising picture for the wound activated reaction of mosses thus involves only one key enzyme required for the transformation of free fatty acids.
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The abbreviations used are: HPL, hydroperoxide lyase; H(P)ODE, hydro(pero)xy octadecadienoic acid; H(P)OTE, hydro(pero)xy octadecatrienoic acid; H(P)ETE, hydro(pero)xy eicosatetraenoic acid; H(P)EPE, hydro(pero)xy eicosapentaenoic acid; H(P)DPE, hydro(pero)xy docosapentaenoic acid; H(P)DHE, hydro(pero)xy docosahexaenoic acid; KETE, keto eicosatetraenoic acid; ODTE, oxo dodecatrienoic acid; PpLOX, Physcomitrella patens lipoxygenase; BSTFA, N,O-bis-(trimethylsilyl)-trifluoroacetamide; MSTFA, N-methyl-Ntrifluoroacetamide; TOF, time of flight. Table 1. Hydroperoxides formed from the reaction of PpLOX1 with different fatty acids at pH = 8.2. In the first line the relative amounts of the positional isomers are given as molar ratios, the major positional isomer is printed in bold letters. In the second line, the relative amounts of S-enantiomers are given. In all cases except 6-and 9-γ-HOTE the S-enantiomers were the major products. All values were determined by SP-HPLC after reduction of the hydroperoxy fatty acids to their corresponding alcohols. Table 2 . Analytical data for the major products of lyase and hydroperoxidase activity. UV spectra recorded in aqueous acetonitrile during the HPLC run. 3 Compounds were identical with commercial or synthetic standards. The deuterated products were detected after administration of [ 2 H 8 ]-arachidonic acid. 6 Using sensitve GC/MS analysis (40) , traces of putative (9Z,11E)-13-oxotrideca-9,11-dienoic acid were detected. Keto acids are sorted according to their relative abundance. PpLOX1 : AtLOX3 : POTLX-2 : 
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